We have studied several micro hydrated (H 2 O) n .NO + .H 2 S structures (n=1-3) and their fragments using wave-function based approach (coupled-clusters including single, double and non-iterative triple substitutions -CCSD(T) and second-order perturbation theory -MP2) and also employing density functional theory (with BLYP and B97XD functional). MP2 energetics is very close to CCSD(T) one. Both functional provide reasonable binding energies compared to MP2, the B97XD being superior to BLYP.
I. Introduction
Hydrogen bonding and proton transfer reactions are fascinating and important phenomena governing chemical and biological processes in polar solvents, biomolecules, various molecular complexes [1] [2] [3] [4] . Proton transfer is critical also in modelling the atmospheric reactions where the micro-hydration takes place. Crucial question associated with these phenomena is the origin of the driving force facilitating the proton transfer and closely related notion of the cooperativity in hydrogen bonded network 1, 5 .
The latter effect of non-additivity is typical for a string of H-bonds, resulting in stronger binding between the members of a chain than would occur in individual H-bonds. This string may be both linear sequence or a ring and an important factor influencing the Hbond strength is the polarizability along the chain 6, 7 . In this paper, we will investigate the intermolecular proton transfer in the title reaction focusing on the details of the overall process of the formation of a hydrogen bonded complex and the separation of the products.
Atmospheric chemistry involves variety of gaseous species -inorganic oxides, oxidants, reductants, acids, bases, organics, photochemically active species and unstable intermediates (ions and electronically excited molecules) 8, 9 . Solid and liquid particles can form atmospheric aerosols and affect atmospheric chemistry of gas-phase species, either as sites for surface reactions or for processes in liquid droplets. The size of these species can range from aggregates of few molecules to larger nano-structures. In our considerations, we shall focus on the upper stratosphere. One of the important constituents of the upper stratosphere in altitudes around 20-50 km is the nitrogen oxide (NO) and its cation. Both NO and NO + belong to the most toxic pollutants in the atmosphere, affecting the ozone cycle and being a precursor of the acid rain. NO is present in the atmosphere mostly as a result of combustions by two mechanisms: (a) oxidation of the organic nitrogen of the fuel and (b) combination of atmospheric nitrogen with oxygen at high temperature and pressure (in the internal combustion engine of automobiles). NO is produced in large quantities by both of these reactions, and emitted into the atmosphere. It is interesting that while NO is a minor constituent in the stratosphere, the NO + is a major one. This is due to the UV and particle impact that initiates chain of ion-molecule reactions at this altitude 10 . These ion-molecule reactions can also be enriched by the propagation of other molecules coming from the upper troposphere as a result of either human (industrial) activity or as a consequence of the processes of tropospheric origin that can perturb the stratosphere 11 .
Based on previous studies [12] [13] [14] [15] [16] In this paper, we will focus on the comparison of the energetics of various hydrated NO + .H 2 S clusters and related fragments computed from density functional theory (DFT), using functionals BLYP [39] [40] [41] and B97XD 42, 43 , as well as from the highlevel wave-functions methods -the second order perturbation theory (MP2) 44 and the Coupled Cluster theory including single, double and non-iterative triple substitutions (CCSD(T)) [45] [46] [47] .
Some of the hydrated NO + .H 2 S clusters were examined in our previous paper 38 , the main focus of the present work is on four-and five-body clusters and some smaller fragments not investigated previously.
We also report our first attempts to simulate the time evolution of the conversion for the micro-hydration of NO 
II. Computational Methods
Ab initio and DFT molecular calculations were performed using the ACES-II 48 and 3 . In addition, several cluster fragments that can be formed from these super-molecules were also calculated. In the DFT calculations two functionals were employed: BLYP and B97XD. We have chosen the BLYP because in our subsequent CP-MD simulations we planned to exploit this functional. The choice of BLYP was dictated by its applicability in Car-Parrinello (CP) molecular dynamics 51 .
B97XD is a hybrid functional introduced by Chai and Head-Gordon 42 and includes combination of long-range/short-range exchange and also empirical dispersion correction. The B97XD was chosen to test how it performs for the hydrogen-bonded complexes. It is supposed to be superior for dissociation and charge-transfer problems that are sensitive to self-interaction errors and we expect it to provide interaction energies closer to MP2 or CCSD(T). Our long term goal is to study systematically the dynamics of the complexation of the NO + ion with the series of hydrated atmospheric ligands, it is reasonable to perform the benchmark study with the aim to estimate the error bounds for both functionals in this particular type of complexes.
In the "standard" ab initio calculations we have adopted MP2 and CCSD(T) Ab initio molecular dynamics simulations in the microcanonical (NVE) ensemble were performed using the public domain computer code CP2K 52 . In its electronic structure module, DFT calculations are performed with the hybrid Gaussian and plane waves method (GPW) 53 and the electronic ground state density is self-consistently 
III. Results and discussion
Prior to molecular cluster calculations we have scanned the two-dimensional cut through the MP2/cc-pvtz potential energy surface (PES) of the NO + .H 2 S.(H 2 O) 3 cluster,
, keeping the remaining internal coordinates fixed at the optimal geometry of the five-body cluster (see insets in the top of Fig.1 ). This scan shows the approximate energy landscape in the vicinity of the proton transfer illustrating the shallowness of the PES. It also indicates that one can expect the forward reaction to proceed more easily than the reverse one. Indeed, the subsequent dynamics showed that this structure is fragile and prone to dissociation, at least at the level of theory used in this work. This correlates also with previous MRCI calculations of Nonella, Huber and Ha who have found that the isomer HNSO is more stable than HSNO 60 .
We have located also other similar five-body clusters but they differ from the structures A, B and C only slightly (both in terms of geometry and energy) and will not be discussed in detail. In Tables 1-3 we report the standard enthalpies and Gibbs energies at 200K describing the process of gradual micro-hydration of the H 2 S...NO + complex and/or his fragments. We have chosen T=200K, this is the average temperature mimicking the stratospheric conditions during night. In Table 1 we present the subset of reactions resulting in two-and three-body clusters, here we employed all four methods, BLYP, B97XD, MP2 and CCSD(T). In Tables 2 and 3 we present the rest of the association reactions of larger clusters calculated only at BLYP and B97XD levels.
Comparison of the MP2, BLYP and B97XD reaction energies is in Fig. 4 where we present differences MP2-BLYP and MP2-B97XD as a bar chart.
First, we can compare the MP2 and CCSD(T) energetics for a subset of reactions comprising smaller species, i.e. (1)- (5), (11) and (12) . The MP2 reaction enthalpies and Gibbs energies are very close to CCSD(T) ones (Table 1 ). In fact, the differences do not exceed ±4 kJ mol -1 which is conventionally accepted as chemical accuracy. This is not very surprising since this set includes either association/complexation processes or isodesmic reactions, for both the changes in correlation energies are expected to be small. Therefore, for the whole set of reactions we can use MP2 data as a reference. The performance of the B97XD functional proposed by Chai and Head-Gordon 42 is very good, while the differences observed for BLYP are substantially larger, especially for smaller systems. Yet the BLYP can describe the features of the energetics in reactions (1)- (12) qualitatively correctly. It is pleasing that as the systems' size grows the errors associated with BLYP tend to be smaller (Fig.4) . For reactions (8)- (11) all differences between MP2 and B97XD lie within 5 kJ mol -1 while the reaction (12) -proton transfer in four-body cluster -favours BLYP over B97XD.
Formation of two-, three-, four-and also five-body clusters is favoured thermodynamically (Table 1- cluster that dissociates in within a picoseconds scale.
IV. Conclusions
In this paper we have investigated structures, energetic and dynamics of model Structures of two-, three-and four-body clusters.
Figure 3
Structures of the five-body clusters A, B and C.
Figure 4
Bar chart of the differences in reaction energies E MP2 -E BLYP and E MP2 -E B97XD for reactions (1)-(12).
Figure 5
Comparison of the thermodynamic stability of two-, three-, four-and five-body clusters calculated at B97XD/cc-pvtz level.
Figure 6
Three typical trajectories in terms of geometry parameters for the NO 
